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Computer Program for Determining Optical
Constants of a Film on an Opaque Substrate

Jean M. Bennett and Maxine J. Booty

Michelson Laboratory, China Lake, California 93555.
Received 1 July 1969.

In the course of studying the growth of silver sulfide tarnish
films on silver,!* we needed to know their optical consiants,
n-jk. The films were under 100-A thick and could not be re-
moved from the silver, so that we were unable to use the method
of determining n and k from the meusured reflectance R, trans-
mittance 7', and film thickness L5 We thus decided to try to
of «zin the optieal constants from normal incidence reflectance
measurements on two silver sulfide films of differen. thicknesses
on silver where the sulfide thicknesses were measured ellipso-
metrically.?  This involved an addition to our multilayer film
compnter program which will be described in this letter.

The basie multilayer film program® caleulates reflectance, trans-
mittance, and phase change on reflection of a substrate covered
with one or more filtns of known thickness and optieal constants,
when the optical constants of the substrate ave also supplied.
This program was previously modified o obtain n and % for a
film given the refractive index of the (trunsparent) substrate,
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film thickness, normal incidence front surface reflectance, and
transmittance of the film on the substrate® The program des-
cribed in this letter is independent of the R, T', and ¢t modification,
although it uses some of the same logic and iterative techniques.

The addition to the multilayer film program which is required
for the new caleulational method is shown in the flow diagram in
Fig. 1. The reflectance R, of the opaque substrate is first calcu-
lated using assumed optical constants for the substrate material.
(For silver, the solutiot: is not very sensitive to the values chosen. }
Trial value: of # and k for the film are then taken along with the
film thickness f;, and the reflectance R, is calculated for the film
on the opague substrate. R is subtracted from R, and a quan-
tity called ARy, is obtained. A sccond quantity, AR, for a
film of thickness {, is obtained in an analogous manner. These
Al’s should be directly comparable with the measured quantities
ARy and ARy, obtained by subtracting the measured reflectance
of a film-covered opaque substrate from the reflectuince of the
film-free substrate.

The major portion of the niew program consists of changing
n and k for the films in such a way that AR, = AR and ARy, =
AR.,;.  Since there are two measured quantities, Ak, and Al
and two nnknowas, n and k for the films, in principle a unique
solution should exist if bath films have the same optical constants.
(In practice there are experimental difficulties which prevent
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Fig. 1. Flow diagram for addition to multi-
layer film program whizh determines optical
constants of a film on an opaque substrate.
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Fig. 2. Range of n and k& values which give AR's within
C.001 of the input values for films of thicknesses 22.5 A and 38 &,
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dashed & curve and the long-dashed n and & curves similarly go
together.
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unique solutions from being obtained; these will be discussed
later.) The detailed manner in which the search routine pro-
veeds can be summarized as follows. From the trial values of
n and k for the films, a range of values of n is selected centering
on ihe trial n value. With k held fixed, aR). is «alenlated for all
the n values seiected, and the n saved which gives a AR, closest
to AR, (Le., smallest DIF)—see Fig. 1).  Using this n, the trial
value of k is now varied over a selected range and ihe k giving the
smallest DIF, is retained. Using this new pair of n and k values,
the program shifts to the second film of thickness { ard repeats
the process, obtaining a dilierent pair of » and k values which
yield the smallest DIF,;. The preceding process is called cycle I.
Cyecle II consists of a repeat of cycle I starting with the just-
determined n and &, only letting the allowed ranges of values of
n and k be exactly half the allowed ranges for cycle I.  Cycle 111
is a repeat of cycle II with the allowed ranges again cut in half.

If the allowed ranges of n’s and k's are properly chosen, the
program should converge on a single 1.air of values which satisfy
the conditions AR = ARvi and ARy = Al (ie., DIF; = DIF,
= 0). However, if the range of n’s is too large, AR, can be made
equal to ARy by simply changing n (k not required to change).
In this situation, when going to ARy, n may change to a different
value, still without requiring & to change. 1n cycles II and 111,
the major portions of the chunges may again be made by n,
s0 that there appear to be two discrete values of n correspond.ng
to film thicknesses {, and £s. If this situation occurs, the allowed
range of n should be made smaller so that k& will also have to
change. If discrete solutions for n are found for the two films
even though k is allowed to change, the two films may actually
have different optical constants.

If AR\ and AR:; are exact and the two films have the same
optical constants, the calculated n and k values will be unique.
However, if the AR's contain experimental measuring eirors, a
series of solutions for n and k will be obtained where the range of
values will depend on the percentage uncertainty in the AR's.
As an example, consider the following problem. For two films of
silver sulfide on silver (thicknesses 22.5 A and 38 X, respectively)
we have measured values of AR, and AR;y which we will use as
inputs. [For the purpose of this problem, the so-called mea-
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sured quantities were actually calculated from the thin-film
optical constants in Ref 4.]  After choosing a set of trial values
of n and & for the silver sulfide films and using the computer
program, we obtain the values of n and k shown as the solid lines
in Fig. 2. However, our measured values, ARy and AR,
are not exact, but each contuins a measuring uncertainty of
+0.001. To find the upper hmit of n values which can be a solu-
tion, we choose a value of n larger than that on the solid line
and restrict il to a very narrow range of values. We then use
the program to find a single £ value which gives the smallest
DIF, and DIF,.  If these differences are less than 0.001 in ab-
solute value, we have a solution.  However, we want the n value
where hoth DIF; and DIF; are close to (L001, so a larger n is
chosen until one is found where they are. If either DIF; or
DIF; is larger than 0.001, we have chozea our initial % too large
and must reduce it.  We can similnrly find the lower limit of
n valties using n’s smaller than the numbers on the solid curve.
Results of these ecalculations are shown as the shaded ares in
Fig. 2. In this figure the short-dashed n curve and the short-
aashed k& curve are solutions for which the AR’s are exaetly
+0.001 different from the original values; the long-dashed n and
k curves are also solutions satisfying this requirement. Al.
though these curves are strictly representative only of the par-
ticular example of silver sulfide o .., 0 coealizations
can be drawn. At the long wavelength end of the region, the
AR/s are small (AR, = 0.037 and ARy = 0.072 at 5000 X) S0
that an error of £0.001 ercates a lavge spread in n.  In contrast,
at 3400 &, ARy = 0.178 and ARy = 0308 so the percentage
error in the ARY’s is smaller and n and & have a snisller spread.

In the preceding discussion we have heen assuming that the
film was absorbing (i.e., & nonzero). If k is known to be strictly
zero, the method ean still be used by restricting & to very small
values which change the AR.'s by less than the measuring error.
The program will then find the correct n for the films (or try to
converge on two different n's «f the two thickuesses have different
refractive indives). This procedure was (ried for o ealeulated
cnse of gluminum oxide films on alominum, and we found that the
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correct n values were obtaiited as long as & was kept small enough.
If k was allowed to be lerger, the n values were in error, the
amount of the error depending on the allowed magnitude of k.

We have also assumed that the film thickness was correctly
known and had no error associated with it, not a realistic as-
samption. The effect of an error in film thickness can easily be
determined by changing one o- both of the film thickuesses by
the amount of the supposed error and by noting what happens
to the calculated optical constants. It is not easy to generalize
on the effect of a thic.ivess error since it depends strongly on the
particul.r problem. However, as the films become thicker and
the two thicknesses become widely different frora each other, a
constant absolute error in ¢ becomes a smaller percentage error
and thus has less effect on the solntion.  Likewise, the range of
solutivns for n and k becomes smaller with increasing film thiek-
aess and eventually n and k become unique.

In eonclusion, we have described a method for obtaining optical
constants of a film for the case when the film is on an opaque
substrate. The method does not necessarily give unique solu-
tions unless other information about either n or k is supplied.
If either n or k is known exactly, unique solntions can he oh-
tained.
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